Background. The purpose of this study was to determine the effects of low-flow cardiopulmonary bypass (CPB) and deep hypothermic circulatory arrest followed by postbypass recovery on the phosphorylation state of transcription factor, cyclic adenosine 3=, 5=-monophosphate response element-binding protein (CREB), in the striatum of neonatal brain.
M
any studies have shown that, during neonatal cardiopulmonary bypass (CPB) and postbypass recovery, complex and interrelated biochemical alterations occur that can ultimately result in neuronal death. The extent of the alterations, and therefore the risk of neuronal death, are primarily related to degree and duration of the cerebral hypoxia that occurs and the conditions during the recovery process.
Exposure of the brain to hypoxia causes the death of vulnerable neurons in adults and neonates by two mechanisms: apoptosis (programmed cell death) or necrosis [1] [2] [3] [4] . In neonates, apoptosis might be favored over necrosis after hypoxia-ischemia [2] . Similarly, Yue and colleagues [5] suggested that immature neurons might be more prone to apoptotic death whereas terminally differentiated neurons die by necrosis. In a deep hypothermic cardiac arrest (DHCA) model, newborn piglets displayed neurologic deficits and had histologic evidence of brain damage by 6 hours after the start of reperfusion [6] . This rapid onset of cell death is consistent with apoptosis, which can kill a cell in 2 to 3 hours [7, 8] . Other studies also proposed that hypothermic CPB and DHCA trigger a complex of biochemical alterations that can ultimately lead to cell necrosis or apoptosis [9 -13] .
The goal of the present study was to determine the effects of low-flow CPB (LFCPB) and DHCA on phosphorylation of cyclic adenosine monophosphate (AMP) response element-binding protein (CREB) in the striatum of newborn piglets. Cyclic AMP response elementbinding protein is critical for a variety of cellular processes, including proliferation, differentiation, and adaptive responses. Neuronal survival in vulnerable areas of the brain after ischemia has been associated with activation (through phosphorylation) of CREB, whereas neuronal death was preceded by a decrease in phosphorylation of CREB [14 -16] . One suggested mechanism for the prosurvival action of phosphorylated CREB is induction of B-cell lymphoma-2 (Bcl-2) [16] and brain-derived neurotrophic factor (BDNF) [17, 18] , two antiapoptotic proteins. Regulation of CREB phosphorylation and expression may therefore represent possible protective mechanisms for cell survival after CPB surgery.
Material and Methods

Animal Model
A total of 21 newborn piglets, 2 to 4 days of age (1.4 to 2.5 kg) were randomly assigned to either control-sham (n ϭ 6), LFCPB (n ϭ 7), or DHCA (n ϭ 8) groups. A total of 15 animals underwent 90 minutes of DHCA (n ϭ 8) or LFCPB (n ϭ 7), and then were allowed to recover for 2 hours before termination of the experiment. The results in the control and LFCPB groups were more reproducible than for the DHCA group; therefore, a larger number of animals was used in the DHCA group. The control animals did not undergo CPB; they were anesthetized and only had a "sham" operation. All CPB protocol and techniques used during this study have been described in detail previously [19] . Briefly, after induction with halothane, a tracheotomy was performed, the piglets were placed on a ventilator, and anesthesia was maintained with fentanyl. After a 1-hour stabilization period, CPB was performed. All animal procedures were in strict accordance with the NIH Guide for the Care and Use of Laboratory Animals and have been approved by the local animal care committee.
Cardiopulmonary Bypass Technique and Experimental Protocol
Full CPB flow was set at 150 mL · kg Ϫ1 · min Ϫ1 . Alpha-stat strategy was used in all CPB piglets to mimic the clinical procedure used in the operating room. Anesthesia was maintained during CPB using isoflurane at 0.5 to 1.0 volumes percent, pancuronium boluses of 0.1mg/kg (intravenous), and a fentanyl infusion of 10 g · kg Ϫ1 · hr Ϫ1 (intravenous).
Low-Flow Hypothermic Cardiopulmonary Bypass
Once CPB was begun, the animals were cooled to a nasopharyngeal temperature of 18°C during 20 to 25 minutes. Ventilation was stopped shortly after initiation of CPB. When the temperature reached 18°C, the CPB circuit flow was reduced to 20 mL · kg Ϫ1 · min Ϫ1 . After 90 minutes of LFCPB, the flow was gradually increased again to 150 mL · kg Ϫ1 · min Ϫ1 , and the piglets were rewarmed to a temperature of 36°C during a 30-minute period.
Deep Hypothermic Cardiac Arrest
After cooling to a nasopharyngeal temperature of 18°C, the CPB pump was turned off. After circulatory arrest for 90 minutes, CPB was gradually resumed at 150 mL · kg Ϫ1 · min Ϫ1 , and the piglet was rewarmed as described above.
After LFCPB or DHCA, recovery was continued for 2 hours after which the animals were euthanized by intravenous injection of 4 mol/L KCl (5 mL/kg). The striata were dissected and frozen for later analysis of CREB.
Measurements of Oxygen Pressure and Oxygen Distribution by the Oxygen-Dependent Quenching of Phosphorescence
The cortical oxygen pressure was measured using oxygen-dependent quenching of phosphorescence as described in an earlier publication [19] . Briefly, a near infrared oxygen sensitive phosphor (Oxyphor G2; Oxygen Enterprises, Ltd, Philadelphia, PA) was injected intravenously at approximately 1.5 mg/kg. The measurements were made using a multifrequency phosphorescence lifetime instrument. The excitation light (635 nm), modulated by the sum of 84 sinusoidal waves with frequencies spanning between 100 Hz and 40 kHz, was carried to the tissue through a 4-mm light guide. The phosphorescence (maximum wavelength, 790 nm) emitted from the tissue was collected through a second light guide, placed against the tissue at a distance of approximately 8 mm from the excitation light guide. This positioning of the light guides allowed effective sampling of brain tissue oxygenation down to approximately 6 mm under the neocortical surface. The phosphorescence was optically filtered, and the signal from the detector was amplified, digitized, and analyzed to give oxygen distribution in the volume of tissue sampled by the light. 
Results
Effect of Low-Flow Cardiopulmonary Bypass and Circulatory Arrest on Physiologic Variables and Cortical Oxygen Pressure in Newborn Piglets
During LFCPB the pH of the arterial blood increased from 7.43 Ϯ 0.05 to 7.65 Ϯ 0.10 (p Ͻ 0.05), but during rewarming and postbypass recovery, arterial pH was not significantly different from the control group (Table 1) As shown in Table 2 , arterial pH and partial pressure of carbon dioxide for newborn piglets during DHCA were not significantly different from control. There was no detectable blood pressure during DHCA. During rewarming and the 2-hour recovery period, blood pressure was not significantly different from prebypass values. 
Levels of Phosphorylated Cyclic AMP Response Element Binding Protein in Striatal Tissue Measured After 2 Hours of Recovery After Deep Hypothermic Circulatory Arrest and Low-Flow Cardiopulmonary Bypass
Western blots of proteins isolated from striatal tissues of piglets from the control group and groups subjected to DHCA and to LFCPB were probed with a-p-CREB antibodies (Fig 1) . The phospho-CREB immunoreactivity in striata from animals that underwent DHCA plus 2 hours of postbypass recovery was found to be not statistically significant when compared with the sham-operated group of animals (193% Ϯ 86% versus 100% Ϯ 63%; Fig 1,  row 1 ). In contrast, there was an increase in phospho-CREB immunoreactivity (682% Ϯ 130%) in the striata from LFCPB animals, and this was statistically significant when compared with both sham-operated (100% Ϯ 63%; p Ͻ 0.005) and DHCA (p Ͻ 0.005) groups (Fig 1, row 3) .
Levels of Total Cyclic AMP Response Element Binding Protein in the Striatum After Deep Hypothermic Circulatory Arrest and Low-Flow Cardiopulmonary Bypass and 2 Hours of Recovery
The increase in phospho-CREB after LFCPB could be caused by either phosphorylation of existing CREB, resulting in a decrease of nonphosphorylated CREB and an increase in the phosphorylated-to-dephosphorylated CREB ratio, or an increase in the total CREB with little change in the phosphorylated-to-dephosphorylated ratio. To determine whether the total amount of CREB was altered, CREB in the striatal tissue was measured with an antibody that equally recognized both phosphorylated and nonphosphorylated CREB (anti-CREB antibody).
The measurements of total CREB show that DHCA did not result in a significant increase in CREB compared with control (96% Ϯ 19%; Fig 1, row 2) , whereas LFCPB did induce a statistically significant increase as compared with control (162% Ϯ 63%; p Ͻ 0.01; Fig 1, row 4) . Total CREB immunoreactivity after LFCPB was also significantly higher than that measured after DHCA (p Ͻ 0.01).
Ratio of Phosphorylated to Dephosphorylated Cyclic AMP Response Element Binding Protein in the Striatum After Deep Hypothermic Circulatory Arrest and Low-Flow Cardiopulmonary Bypass and 2 Hours of Recovery
To determine the extent to which the ratio of phosphorylated to dephosphorylated CREB was altered, phospho-CREB levels were normalized to the total CREB. As can be seen in Figure 2 , after normalization the fraction of the total CREB that is phosphorylated is significantly higher after LFCPB as compared with the sham-operated or DHCA groups (431% Ϯ 187% versus 100% Ϯ 112%; p Ͻ 0.05; or 165% Ϯ 97%; p Ͻ 0.01). This means that after LFCPB, the elevated levels of phospho-CREB were the result of both an increased level of CREB protein and an increase in the phosphorylated-to-dephosphorylated CREB ratio. Thus, after LFCPB, but not DHCA, both total CREB and the fraction that is phosphorylated were significantly enhanced compared with control animals.
Comment
This study demonstrated significant increases in the levels of total and phosphorylated CREB in newborn piglet striatum after a 2-hour recovery after LFCPB, but not after DHCA. If elevated CREB phosphorylation may be a survival factor in ischemic-hypoxic injury, then increases in CREB phosphorylation suggest that LFCPB spares certain deleterious effects of DHCA. A limitation in our study is that CREB phosphorylation was measured at only one time during the recovery period. In the DHCA model, the increase in CREB phosphorylation was not significant at 2 hours of recovery. Future experiments will characterize the timedependent changes in CREB phosphorylation and determine the degree to which the increase in phosphorylated CREB, as measured at 2 hours, correlates with cell survival and neuronal injury. When taken together with results of our earlier study [19] , however, the data suggest that patterns of CREB phosphorylation after DHCA and LFCPB are associated with severe and moderate ischemic conditions, respectively. During DHCA, brain oxygenation decreases almost to 0 mm Hg, whereas during LFCPB it decreases to about 10 mm Hg. It has also been shown that DHCA, in contrast to LFCPB, causes a massive accumulation of extracellular dopamine and an increase in hydroxyl radical production [19] .
Both dopamine and hydroxyl radicals can mediate neuronal injury, particularly within the striatum. Dopamine can be oxidized during the postischemic period with the formation of free radicals and reactive, cytotoxic quinones, ultimately causing cell death [20, 21] . Both dopamine and its metabolites are shown to induce apoptosis [22, 23] .
Recent studies suggest a role for CREB as a survival factor in several kinds of neuronal injury [24 -28] . Increased CREB phosphorylation during postischemic recovery has been associated with neuronal survival [15, 16] . In the striatum, severe ischemic injury caused a slight and transient activation followed by a rapid disappearance of CREB phosphorylation, which preceded ischemic morphologic changes in the neurons, whereas moderate ischemic injury was associated with persistently activated CREB phosphorylation with normally maintained morphology during the postischemic recovery [14] .
The increase in CREB phosphorylation can protect neurons against ischemia-induced apoptotic cell death by activation of antiapoptotic pathways. Cell survival mediated by neurotrophin-induced CREB phosphorylation in sympathetic and cortical neurons was associated with increased expression of Bcl-2, which contains a cyclic AMP response element in the 5= promoter region [25] . Earlier studies demonstrated that overexpression of Bcl-2 provides protection against apoptosis [29] and ischemic neuronal death [30, 31] . In hippocampal neurons, calcium-calmodulin kinase-mediated phosphorylation of CREB upregulated Bcl-2 expression 6 hours after exposure to glutamate [16] . In the same study, pretreatment of the cells with calcium-calmodulin kinase inhibitor KN93 or with cyclic AMP response element-decoy oligonucleotide inhibited glutamate-induced increased Bcl-2 production and significantly increased the level of neuronal damage compared with that in controls. This suggests that CREB activation may contribute to neuronal survival by increasing Bcl-2 production. Recent studies show that both necrotic and apoptotic neuronal death occur in vulnerable brain regions after DHCA [6, 32, 33] , and predominantly necrotic death occurs after LFCPB [34] . In other investigations, CPB was shown to induce expression of apoptotic genes in the brain [35] .
The exact mechanisms of differential CREB phosphor- [15] . We can hypothesize that the difference in CREB phosphorylation between DHCA and LFCPB, representing severe and moderate ischemia models, respectively, may also be the result of altered activities of these protein kinases. An interesting observation was the increase in total CREB protein after LFCPB. This may be related to increased CREB mRNA synthesis or its stability. The CREB gene contains three cyclic AMP response element sites, suggesting that CREB gene expression may be positively autoregulated [39] . Considering the high level of activated CREB after LFCPB, this does not seem unlikely. The increase in amount of CREB protein could contribute to the elevation of phosphorylated CREB levels and thus potentiate CREB transactivation function. Upregulation of CREB protein has been shown to inhibit apoptosis in neurons [40] .
In conclusion, this study shows that in piglet striatum, severe ischemia induced by DHCA and associated with acute release of extracellular dopamine and increased hydroxyl radical production does not cause a significant increase in CREB phosphorylation after a 2-hour recovery period. In contrast, LFCPB spares the effects of extracellular dopamine release and increase in hydroxyl radicals and results in a significant increase in CREB phosphorylation and expression. These results suggest that LFCPB can provide a significant degree of neuroprotection compared with DHCA, and may be of importance for clinical practice.
